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BAX protein plays a key role in the mitochondria-
mediated apoptosis. However, it remains unclear
by what mechanism BAX is triggered to initiate
apoptosis. Here, we reveal the mechanism using
electron spin resonance (ESR) techniques. An inac-
tive BAX monomer was found to exhibit conforma-
tional heterogeneity and exist at equilibrium in two
conformations, one of which has never been re-
ported. We show that upon apoptotic stimulus by
BH3-only peptides, BAX can be induced to convert
into either a ligand-bound monomer or an oligomer
through a conformational selection mechanism. The
kinetics of reaction is studied by means of time-
resolved ESR, allowing a direct in situ observation
for the transformation of BAX from the native to the
bound states. In vitro mitochondrial assays provide
further discrimination between the proposed BAX
states, thereby revealing a population-shift allosteric
mechanism in the process. BAX’s apoptotic function
is shown to critically depend on excursions between
different structural conformations.
INTRODUCTION
The Bcl-2 protein family plays a central role in the intrinsic path-
ways of apoptosis (Petros et al., 2004; Youle and Strasser, 2008).
This family is composed of two complementary groups of pro-
teins: the proapoptotic group induces cell death, which is
comprised of BAX, BAK, and BOK, each containing three Bcl-2
homology (BH) domains, whereas the antiapoptotic group in-
hibits cell death. The other subclass of proapoptotic proteins is
the BH3-only proteins such as Bim, which acts as a modulator
of the multidomain proteins in this family. BAX and BAK are
generally believed to be responsible for mitochondrial outer
membrane permeabilization (MOMP) initiating the release of
caspase activators such as cytochrome c, which is a key step
in the events leading to the eventual destruction of a cell (Czabo-
tar et al., 2009; Rodrigues et al., 2003;Walensky andGavathiotis,
2011). In healthy cells, BAX is located predominantly in cytosol,
away from the mitochondrial membranes where BAK is located.
Upon receipt of apoptotic signaling, BAX undergoes a series
of conformational changes and oligomerization, eventuallyStructure 23, 13becoming a membrane-associated complex, causing the BAX-
induced MOMP process. This is supported by a great deal of
published work (Antonsson et al., 2001; Petros et al., 2004; Su-
zuki et al., 2000; Valentijn et al., 2008). However, the mechanism
utilized by BAX still remains elusive, largely because BAX partic-
ipates in the apoptotic signaling pathway as a cytosolic mono-
mer, oligomer, and membrane-associated complex. This variety
of BAX types poses a formidable challenge to any biophysical
tool. The structure of inactive BAX monomer has been deter-
mined by nuclear magnetic resonance (NMR) spectroscopy
(Suzuki et al., 2000), but little is known about the conformational
differences of BAX before and after the apoptotic activation. The
crystal structure of full-length BAX has yet to be determined.
Even though the crystal structural model of dimeric C termi-
nus-truncated BAX was recently reported (Czabotar et al.,
2013), it provided limited information on the activation mecha-
nism. Some key aspects regarding the activation mechanism
of BAX are not fully understood, making it difficult to develop
an effective approach to mediate apoptosis.
Advanced electron spin resonance (ESR) techniques (Borbat
and Freed, 2007; Huang et al., 2011; Jeschke, 2012), including
continuous-wave (cw) ESR and double electron-electron reso-
nance (DEER), were used to reveal molecular details of the acti-
vation mechanisms of BAX. ESR with spin-labeling techniques
has been established as a powerful tool for determining protein
structure and topology. Briefly, a nitroxide side chain (designated
R1) is attached covalently to a cysteine introduced on a protein
through site-specific mutagenesis. As a result, information on
local environment and dynamics can be conveniently obtained
by studying the ESR spectrum of R1, without a limitation in mo-
lecular size, sample types, and morphologies. Moreover, inter-
spin distances can also be derived from the spectrum to provide
information on structure, flexibility, and conformational heteroge-
neity of a protein (Airola et al., 2013; Georgieva et al., 2013).
Here, we describe a BAX activation pathway that has never
been reported. Full-length BAX was used throughout this study.
This study shows, by the ESR techniques, that an inactive BAX
monomer actually exists in equilibrium between two distinct con-
formations. BimBH3 peptide, which binds to BAX at a specific
binding site (Gavathiotis et al., 2008), was previously demon-
strated to be an effective activator in the triggering of apoptosis
in vitro and in vivo (Gavathiotis et al., 2010; Okamoto et al., 2013;
Walensky et al., 2006). Utilizing a similar BimBH3 peptide as an
apoptotic stimulus, we show that the two different conforma-
tions of BAX proceed with conformational selection pathways
upon binding with the BimBH3, thereby resulting in two different
products: oligomeric BAX and BimBH3-bound monomeric BAX.9–148, January 6, 2015 ª2015 Elsevier Ltd All rights reserved 139
0 200 400 600
0
0.5
1
Time,[min]
N
or
m
al
iz
ed
 In
te
ns
ity
D
Initial
Final
A
B
C
Final
BM
O
E
F
G
wtBAX-R1
0 200 400 600
0
20
40
60
80
100
Incubation Time [min]
Po
pu
la
tio
n 
[%
]
BM
O
Initial
3420 3440 3460 3480
Magnetic Field, G
Final
BM
O
Initial
p1
p2
p3
p4
H
oligomer
monomer
BimBH3-R1
300 K
BimBH3:       DMRPEIWIAQELRRIGDEFNAYYAR
BimBH3-R1: DMRPEIWIAQELRRIGDEFNAYYARC
UM UMBM O
BimBH3BimBH3
20 40 60 800
100
200
(m
Au
)
oligomer
monomer
(ml)
Figure 1. Cw-ESR of BAX
(A) SEC results for WT BAX after the activation by BimBH3 shows that (black) the activated BAX exists as oligomeric and monomeric forms and that (blue trace)
the monomeric fractions would not oligomerize even reactivated with excess BimBH3. [BAX] is approximately 0.002 mM in the SEC fractions. The sequences of
the BimBH3 variants are shown.
(B) Raw experimental cw-ESR spectra (300 K) of BimBH3-R1 corresponding to the monomeric and oligomeric fractions eluted from the SEC analysis of the
overnight incubation of WT BAX with BimBH3-R1. BimBH3-R1 is confirmed to bind to both BAX monomer and oligomer.
(C) A proposed conformational selection mechanism of BAX upon activation by BimBH3.
(D) A time course (10 hr) collection of cw-ESR spectra of WT BAX-R1 upon incubation with BimBH3 at 300 K. The displayed width of the spectra is 100 G. The
Initial was recorded 5 min after adding BimBH3.
(E) The height of the central ESR line plotted against incubation time is represented by the blue markers. An exponential fit (broken red line) to the blue data points
yields a mean lifetime of 121.9 min for the observed kinetics of BAX activation.
(F) A good fit to the Final can be achieved by a linear combination of the BM and O states of normalized spectra at a ratio of 21:79, respectively.
(G) The spectra of the four species that could possibly exist during the activation reaction. The broken lines highlight the characteristic peaks of the Final. The
spectra Final and Initialwere taken from the time-course collection. The spectra BM andOwere from the fractions of the SEC results. All were collected under the
same condition.
(H) A population plot of the three most likely components as a function of incubation time. The SD of the populations is approximately 4.
See also Figure S1.
Structure
Conformational Selection Pathways of BAX ProteinThe kinetics of the activation mechanism is revealed by time-
resolved ESR. Mitochondrial cytochrome c release assays
were performed to validate the findings. This study not only iden-
tifies the existence of two distinct forms of an inactive BAX but
also reveals insights into the conformation-dependent mecha-
nisms by which BAX initiates the mitochondria-mediated apop-
tosis, thereby establishing between the functional state of BAX
and its conformational state.
RESULTS
Both Monomeric and Oligomeric BAX Exist after
Apoptotic Stimuli
BimBH3 peptide (see Figure 1A and Experimental Procedures)
can be used as an apoptotic stimulus to directly trigger the acti-140 Structure 23, 139–148, January 6, 2015 ª2015 Elsevier Ltd All rigvation of BAX (Gavathiotis et al., 2008). BimBH3 was added to a
solution containing inactive BAX monomers at a ratio of 1:4
BAX:BimBH3, and the solution was incubated overnight at
room temperature to maximize the effect of apoptotic stimuli.
Figure 1A shows the size-exclusion chromatography (SEC)
result for WT BAX after overnight incubation with BimBH3.
BAX was found to exist in both monomeric and oligomeric (21
and 440 kDa, approximately) states (black in Figure 1A). The
monomeric fractions would not oligomerize even they were
collected and reactivated with more excess BimBH3 overnight
(see blue trace in Figure 1A), verifying the high stability of the
end products. To explore whether the added BimBH3 is bound
to BAX, another experiment was conducted in which BimBH3
was spin labeled, i.e., BimBH3-R1 (Figure 1A), and used to acti-
vate WT BAX, followed by SEC analysis. The SEC-elutedhts reserved
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Conformational Selection Pathways of BAX Proteinfractions of the monomeric and the oligomeric WT BAX were
collected to have the same protein concentration prior to
sending for cw-ESRmeasurements (Figure 1B). Both the protein
concentration and the number of ESR scans were identical in the
two ESR measurements. While difference between the two
spectra was largely due to the difference in molecular size,
neither of the two spectra are in any way similar to the spectrum
of a freely tumbling BimBH3-R1 (3.113 kDa) characterized by
three sharp peaks. The presence of a strong magnitude of
ESR signals (Figure 1B) shows that (1) BimBH3-R1 is bound to
WT BAX in both the monomeric and oligomeric states, (2) the
two products are stable, and (3) the reactions are irreversible.
The double-integration areas of the two spectra are of the
same order of magnitude. Specifically, ratios of BAX: bound
BimBH3-R1 are 1.0 ± 0.2 and 1.9 ± 0.4 for the activated mono-
mer and oligomer, respectively. To further examine ligand spec-
ificity, a substitution mutation of opposite charge (K21E) around
the reported binding site (Gavathiotis et al., 2008) was prepared.
In this case (Figure S1 available online), point mutagenesis
largely abolished the ability of BimBH3-R1 to both bind to mono-
meric BAX and induce oligomerization, demonstrating that the
same binding site on BAX is responsible for the formation of
the two end products.
Our results indicate that there exist two stable end products
after the reaction with BimBH3, both of which are ligand-bound
forms. Therefore, the proposed reaction mechanism (Figure 1C)
for the activation of BAX by BimBH3 is as follows. In the absence
of the apoptotic stimuli, BAX is a conformationally heteroge-
neous protein, which exists in equilibrium between two forms
of ligand-unbound monomer, denoted by UM and UM0. Upon
the engagement of BimBH3 at the same binding site, UM and
UM0 are transformed into a ligand-bound monomer (BM) and a
ligand-bound oligomer (O), respectively (i.e., the two reaction
products separated in the SEC analysis). Experimental demon-
strations for the proposed mechanism are given below.
Oligomeric BAX Exists in Abundance after
Apoptotic Stimuli
A time-course collection of cw-ESR spectra for WT BAX-R1
upon the addition of equimolar amount of BimBH3 at 300 K
was obtained (Figure 1D). Of note, WT BAX carries two endog-
enous cysteine residues and is denoted by WT BAX-R1 (or,
equivalently, 62/126-R1) as spin labeled (see Experimental Pro-
cedures for details). For a clear presentation, the spectra are
displayed to have the same height in the central peak. The
spectrum of the Initial (indicated in Figure 1D) corresponds to
a collection at 5 min after adding BimBH3. The duration of the
time-course observation was over 10 hr, collecting 800 spectra.
The cw-ESR spectra were observed to vary considerably and
smoothly over time and become steady after approximately
8 hr of the collection. The spectra of the Initial and the Final
are substantially different. This measurement demonstrates
that the reaction of BimBH3 with WT BAX-R1 occurred in a
time scale of hours. The magnitude of the central ESR peak
versus incubation time is plotted by the blue data points (Fig-
ure 1E), together with an exponential fit (broken red line) to
the data. The mean lifetime of the data was found to be
121.9 min. Figure 1F shows normalized spectra of several
studies, including a simulation fit, and the spectra for the BMStructure 23, 13and the O states of WT BAX-R1 recorded in other independent
experiments. The spectrum of WT BAX-R1 in the BM state dis-
plays a distinctly sharper line shape as compared with that of
the O state. This is a reasonable result because BM BAX is a
monomer and thus would tumble faster in solution than an olig-
omer. Most importantly, it shows that the spectrum of the Final
could be fit very well by a linear combination of the two normal-
ized spectra corresponding to the BM and the O states of WT
BAX-R1, at a ratio of 21:79, respectively. This finding indicates
that by the end of the activation reaction, BAX existed more pre-
dominantly in the O state, which is consistent with the result of
Figure 1A (performed in absence of spin labels). Therefore, we
also demonstrate that the disturbance due to the introduction
of spin labels to the protein is insignificant to the activation
of BAX.
TimeCourseObservation of theCoexistingComponents
during the Activation
A comparison between the cw-ESR spectra of WT BAX-R1 in
various states is given below (Figure 1G). The spectra are aligned
and displayed to have the same height in the central peak. The
spectra of the three species (i.e., Initial, O, and BM) that likely
exist during the reaction are distinctly different from each other
(Figure 1G). Of note, the spectrum Initial, which corresponds to
a collection of the WT BAX-R1 spectrum 5 min after the addition
of BimBH3, is consistent with the spectrum of WT BAX-R1
without BimBH3. Four of the important characteristic peaks of
the Final are denoted by broken lines (i.e., p1  p4 in Figure 1G).
Clearly, the spectrum Final reflects a composite of the spectra O
and BM as the presence of the two spectra can readily be recog-
nized by the peaks p1, p2, and p4 (for the O) and p3 (for the BM).
The spectrum Initial appears to be insignificant in the spectrum
Final. The time-course ESR spectra (i.e., those shown in Fig-
ure 1D) were least-square fit with the three spectral components
(O, BM, and Initial) to determine the spectral composition in each
of the collected spectra. All of the time-course ESR spectra
collected were fit very well with the three spectral components
(Figure S1D). This analysis yielded a population plot for the three
components as a function of incubation time (Figure 1H). The
population of the O showed an increase from 0% to approxi-
mately 80% over the course of the reaction, while the population
of the BM reached to 20% around 150 min after adding BimBH3
and remained within the range of 20%–30% thereafter. Mean-
while, the Initial component was unambiguously identified to
be abundant before the mean lifetime of the overall reaction
(121.9 min) and was observed to be less than 2%, after incuba-
tion time was greater than 300 min, and absent in the end. The
derived lifetime values are 96.5, 125.3, and 63.4min for the Initial,
O, and BM, respectively. The lifetime values of the overall and the
O productions are close, indicating that the conversion to the O
state is the rate-determining step. Collectively, the analyses
show that upon adding BimBH3, the Initial component remained
unchanged at first (approximately 5 min) and decreased in pop-
ulation monotonically over time, with an increase in the popula-
tions of the two products (BM and O). In view of the observation,
it leads to a suggestion that the Initial is representative of a reac-
tant ensemble, which is composed of both UM and UM0, and the
two products (BM andO) are confirmed to be themajor products
in the course of the reaction.9–148, January 6, 2015 ª2015 Elsevier Ltd All rights reserved 141
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Figure 2. Conformations of Inactive BAX
(A) Six sites were selected for spin labeling study. They correspond to different helices (as indicated by colors) and cover the vast majority of the entire protein.
(B) DEER measurements and analysis results of spin-labeled BAX monomers. It shows the normalized time-domain (background-removed) experimental data
(left) and the P(r) results of Tikhonov analysis (right). Distances used to reconstruct the UMandUM0 BAX conformations are denoted byY and;, respectively. The
reconstructed UM BAX is consistent with the NMR-derived structure.
(C) A ribbon cartoon model illustrating the conformational differences between the UM BAX and the UM0 BAX under the assumptions that helical segments are
rigid and linker regions are flexible (see details in Experimental Procedures). Zoomed areas are somemajor differences between the two states. They include the
differences in the segment of a5-a6 and the C-terminal region a9. The structures were derived using the DEER distances as constraints in the MtsslWizard
program.
(D) The local environment of the BH3 domain becomes more readily accessible for interactions with substrates in the UM0 than the UM.
See also Figure S2.
Structure
Conformational Selection Pathways of BAX ProteinInactive BAX Is a Conformationally Heterogeneous
Monomer
To probe the structural conformations of BAX, six sites that cover
the vast majority of the entire BAXwere selected for spin labeling
study (Figure 2A). Criteria for the selection of the spin labeling
sites are described in Experimental Procedures. DEER experi-
ments were carried out at 50 K to measure intramolecular
distances between spin labels of several doubly labeled BAX
mutants (in absence of apoptotic stimuli) as indicated in Fig-
ure 2B, where the plots shown on the left and right are the
time-domain experimental data and the analyzed distance distri-
butions P(r), respectively. The P(r) results were extracted from
the time-domain data using Tikhonov method (Chiang et al.,
2005a). The samples were shock frozen in liquid nitrogen before
the DEER measurements (see Experimental Procedures). Inter-
estingly, we generally found that there were at least two peaks
in the P(r), suggesting two major populations of conformationally
different monomeric BAX. To verify the results of Tikhonov anal-142 Structure 23, 139–148, January 6, 2015 ª2015 Elsevier Ltd All rigysis, the obtained P(r) was used to generate simulated time-
domain data shown by blue lines on the left of Figure 2B. The
simulated time-domain data fit very well to the experimental
data (gray lines). Moreover, we carried out some numerical
studies (Figure S2) to verify the obtained P(r) results and its het-
erogeneity. Overall, the DEER results demonstrated that inactive
BAX monomer is a conformationally heterogeneous protein.
The average distances hP(r)iDEER and the position of individual
peaks (rpk) in the P(r) of Figure 2B are summarized as Table 1. Ta-
ble 1 also shows Cb-Cb distances, derived from the known NMR
structure (Protein Data Bank [PDB] code 1F16) (Suzuki et al.,
2000), within the indicated BAX mutants, and the plausible inter-
spin distances hP(r)iMtsslWizard (i.e., the average distances be-
tween spin labels as attached to the NMR-determined structure)
estimated using the MtsslWizard program (Hagelueken et al.,
2012) (see Experimental Procedures). The hP(r)iMtsslWizard results
are similar to one of the peaks (Table 1) in the hP(r)iDEER, suggest-
ing that the known NMR-determined structure exists in thehts reserved
Table 1. Comparisons of DEER-Derived Distances of Spin-
Labeled BAX Monomers with the Predictions from MtsslWizard:
PDB 1F16
BAX
Mutants hP(r)iDEER (rpk)
hP(r)iMtsslWizard
(SDa) Cb-Cb
b BM, hP(r)i (rpk)
72/126 2.50 (2.29,c 3.21) 2.61 (0.45) 2.13 2.64 (2.77)
62/164 2.27 (1.64,c 2.93) 1.53 (0.17) 0.95 2.27 (2.40)
62/126 3.17 (2.98,c 3.57) 2.81 (0.27) 2.54 3.08 (2.03, 3.53)
126/164 3.42 (3.65,c 3.02) 3.82 (0.38) 3.25 –
4/62 3.68 (4.08,c 2.93) 3.97 (0.40) 3.29 3.59 (3.30, 4.67)
126/191 3.75 (3.53,c 5.31) 3.74 (0.45) 2.86 –
62/191 4.01 (3.98,c 4.53) 4.12 (0.38) 3.68 4.01 (3.48, 4.28)
See also Figure S4.
aThe SD of the averaged distances when the side-chain disordering is
considered in the MtsslWizard. The MtsslWizard simulations were based
on the most representative structural model (i.e., model 3 in the 20 avail-
able NMR models) determined in the Olderado analysis (Kelley et al.,
1997). This Olderado program automatically clusters ensemble members
of NMR results into conformationally related subfamilies. All structures
are superposed in a pairwise manner and the resulting root-mean-square
(rms) distance between each pair calculated. For an ensemble with N
members, this results in an N 3 N matrix of rms values. This matrix is
used as a similarity score on which to base the clustering. Average link-
age cluster analysis is used in conjunction with a penalty function to auto-
matically determine a cutoff in the clustering hierarchy. Once the models
are clustered, the one closest to the centroid of the largest cluster is
selected as the ‘‘most representative.’’
bDistances between Cb-Cb in the most representative model of NMR
structures (1F16). There are some structural variations in the 20 NMR
models. Based on Olderado’s calculation, the rms deviation of the all
20 models in ensemble (1F16) is 0.45 nm, which is distinctly less than
the differences between the distances corresponding to the UM and
UM0 structures (compare hP(r)iDEER). This observation supports the re-
sults of the conformational multiplicity presented.
cDistances (nm) that are consistent with the hP(r)iMtsslWizard derived from
the NMR-based structure.
Structure
Conformational Selection Pathways of BAX Proteinpresent study (designated as UM), whereas the heterogeneity in
the BAX conformation has never been reported. Inactive BAX is,
therefore, demonstrated to exist in two distinct populations of
conformations (i.e., UM and UM0).
Assuming that the helical segments are rigid and the linker
regions are flexible between the UM and the UM0 states, we
construct their corresponding structural conformations (Fig-
ure 2C) based on the obtained DEER results (Table 1), using
the MtsslWizard program (see Experimental Procedures). The
structure of the UM is similar to the NMR-determined structure
(i.e., the UM distances versus the values of hP(r)iMtsslWizard in
Table 1). The UM0 is clearly dissimilar to the UM in structure.
The segment spanning helices 5 and 6 shows some distinct dif-
ferences, while helix 9 exhibits an even larger difference between
the two states. Figure S4 shows the UMWT BAX-R1 and a com-
parison of the UM0 and NMR-determined structures. Another
important finding (Figure 2D) derived from the DEER results is
that the local environment of 62R1 (which belongs to the BH3
domain containing residues 5973) changes substantially from
the UM to the UM0 conformations; specifically, its local mobility
becomes relatively higher in the UM0 because helix 8 is more
distant away from the BH3 domain. This change would in turnStructure 23, 13facilitate the BH3 domain to be more accessible for interactions
with substrates. The locations of helix 8 in the UM and the UM0
states were rigorously determined by DEER triangulation con-
sisting of three distance constraints between 62R1, 126R1,
and 164R1 (Figure 2A). Therefore, a marked difference in the
local environment of BH3 domain between the UM and the
UM0 states is clearly identified. These summarize the major
conformational differences between the two inactive states.
A Plausible Conformation of the Bound Monomeric BAX
Some BimBH3-bound monomeric BAX (i.e., BM) variants car-
rying spin labels were prepared for distance measurements by
DEER. Of note, after the apoptotic stimuli, the mutants 126/
164 and 126/191 were primarily oligomeric in the elution of
SEC analysis and thus were not available for the study of the
BM state (Figure S5 shows time-resolved ESR study of the acti-
vation of 126/164-R1.) The DEER results are plotted in Figure 3A,
where the time-domain experimental data are shown on the left
(gray) and the P(r) results are on the right. In the time-domain
DEER data, blue lines represent the simulated data using the ob-
tained P(r) results. The experimental data could be fit satisfacto-
rily to the simulations. There is a large broadening in both the P(r)
results of the 62/191-R1 and 4/62-R1 studies due to the fact that
the sites 4 and 191 correspond to the highly mobile N- and C-ter-
minal regions, respectively. They were found to remain mobile in
both the native and the BMstates. The rest of the P(r) results (Fig-
ure 3A) are generally characterized by a single dominant distribu-
tion, suggesting a more homogeneous conformation for the BM
BAX (see Table 1 for average distances). The positions of the
dominant peak are 2.77, 2.40, and 3.53 nm for the 72/126-R1,
62/164-R1, and 62/126-R1, respectively, showing some small
but marked deviations from the structure of the UM, whereas
large differences are observed between the BM and the UM0.
Cw-ESR results (Figure S3C) support the above observation
that the BM and UM conformations are not largely different.
Based on the DEER results, a comparison of the structures of
the BM (orange) and UM (green) states was derived with the
aid of the MtsslWizard (Figure 3B), excluding the shorter dis-
tance peak in the P(r) of 62/191-R1. Notably, the local difference
of the BH3 domain between the UM and the BM states is clearly
less than that between the UMand the UM0 states (Figure 3C). As
the BM is only slightly different from the UM in conformation, the
BM is likely to be the downstream product to the activation of the
UMwhile the UM0 is assumed to behave upstream of the O state
formation.
Additionally, we note the following. Taken all results presented
thus far, perhaps the most solid finding is the demonstration of
the conformational multiplicity of BAX, in particularly the confor-
mational heterogeneity of WT BAX and the existence of the two
end products. An additional experiment verifying the equilibrium
between the UM and the UM0 states for WT BAX is shown as Fig-
ure S5. More details about the selections of the spin labeling
sites are given in Experimental Procedures.
BAX-Induced Cytochrome c Release Activity
The apoptotic activity of BAX has been attributed to its capacity
to induce MOMP, releasing apoptogenic factors such as cyto-
chrome c. To conform that the SEC-based detections of the
BimBH3-induced BM and O complexes reflect functional9–148, January 6, 2015 ª2015 Elsevier Ltd All rights reserved 143
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Figure 3. Structural Conformation of the Bound Monomer BM
(A) Normalized time-domain (background removed) DEER data and the corresponding P(r) results of Tikhonov analysis for various BAX mutants in the BM state.
Distances denoted by Y are used to reconstruct the BM conformation. Distances denoted by * are excluded from the analysis (see Experimental Procedures for
details).
(B) An illustration of conformational differences between the UM and the BM states. The differences are small but distinct in the P(r) results.
(C) Differences in the local environment of BH3 domain between the three states of BAX. The largest difference is observed between the UM and the UM0 states.
See also Figure S3.
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Conformational Selection Pathways of BAX Proteinactivation of BAX for its release activity, we performedmitochon-
drial permeability assay to determine the level of released cyto-
chrome c. Unless indicated, all BAX used in the experiments
(Figure 4) were WT BAX. The result shows that (Figure 4) both
the native (N) and BM BAX are of a similarly low cytochrome c
release efficiency, suggesting that they are mostly inactive and
cytosolic, thereby playing an insignificant role in inducing
MOMP. Interestingly, BAX 126/164 (in absence of BimBH3)
was found to release cytochrome c with slightly greater effi-
ciency. The highest efficiency to promote the release of cyto-
chrome cwas observed with the BAX oligomers, which is known
to effectively permeabilize the outer mitochondrial membranes.
The same trend of the release activity could be observed if per-
formed with spin-labeled BAX variants. The result provides a
clear delineation of the functional activity of the various BAX
states.
DISCUSSION
The oligomerization of BAX was thought to be a straightforward
process: upon receipt of apoptotic stimuli, monomeric BAX was
induced to form oligomers, leading to the MOMP event. Never-
theless, when this process was performed, we found that this
was not the case. There always remained a small but noticeable
amount of monomeric BAX (i.e., BM) that was easily detected in
the SEC analysis. Even when the BM was collected and reacti-
vated overnight with another dose of the BimBH3, oligomeriza-
tion would not occur. It suggests that in native BAX, there would
be a population of BAX monomers that cannot be activated to
form oligomers by any means; there exists more than one state
in native BAX. Two stable products (O and BM) were identified144 Structure 23, 139–148, January 6, 2015 ª2015 Elsevier Ltd All rigand shown to possess the capability to bind with BimBH3. The
study of point mutagenesis of opposite charge (Figure S1)
confirmed that the engagement of BAX with BimBH3 occurs at
the previously reported unique binding site (Gavathiotis et al.,
2008). Further investigations of the BAX variants by DEER
showed that inactive BAX could generally exist in two popula-
tions of conformation (i.e., UM and UM0). The P(r) results were
further verified by a series of model calculations (Figure S2) to
confirm the conformational heterogeneity. Collectively, this
study shows that the two products must result from two inactive
states of BAX through the conformational selection pathways.
The reaction for the BAX activation by BimBH3 was slow
enough for the changes in the populations of the reactants/prod-
ucts to be observed in the time-resolved ESR experiments
(Figure 1). The connections between every state of BAX were
carefully verified in this study. In most of the BAX variants stud-
ied, after the treatment of the apoptotic stimuli, BAX largely
populated in the O state. The amount of BM was found to be
less than 20% of total reactant BAX. The time-course variations
for the populations of the coexisting species (i.e., the reactant
ensemble, and the two products O andBM)were unambiguously
determined for WT BAX, demonstrating the coexistence of the
three species throughout the activation process. However, in
the study of BimBH3-activated 126/164, hardly any monomeric
BAX was found after SEC; the end product was mostly oligo-
meric. This finding indicated that the relative populations of the
two end products could be altered by point mutations. Our
finding is consistent with the reported in vivo experiments (Ar-
okium et al., 2007; Czabotar et al., 2011; Er et al., 2007; Ne-
chushtan et al., 1999) that the proapoptotic activity of BAX could
be enhanced, or inhibited, by point mutations, whereas thehts reserved
Incubation time
1 min.
15 min.
30 min.
N     BM     O N    126/164    O
0 15 30
20
40
60
80
100
Incubation time (min)
Cy
t c
 re
le
as
e 
ef
fic
ie
nc
y 
(%
)
N
BM
126/164
O
Figure 4. Cytochrome c Release Essays
Cytochrome c release from mitochondria on incubation of BAX variants as a
function of the incubation time. Inactive WT BAX monomer is denoted by N.
BAX in the O state is most potent for the release activity. The intensity is
normalized to 100% efficiency for the result of O. The estimation of errors is
based on three independent measurements. The data were quantified using
ImageJ.
See also Figure S5.
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Conformational Selection Pathways of BAX Proteinmolecular basis of the functional change has not been much
discussed until the present study revealing the conformational
multiplicity of native BAX. Another similar result was reported
previously (Bouvignies et al., 2011) showing that a small number
of mutations on a T4 lysozyme protein could shift the relative
populations of protein conformations, thereby changing the ac-
tivity of the protein. Several studies suggested that each unique
conformer, observed in different mutations, can, in turn, poten-
tially carry out a different function (Di Nardo et al., 2004; Tokuriki
and Tawfik, 2009; Walden et al., 2006).
Considering all of the evidence presented, the conformational
heterogeneity of BAX, which could be observed in all of the inac-
tive BAX variants studied, was confirmed to be an intrinsic
feature of BAX. Furthermore, this study has demonstrated the ex-
istence of two reaction products (BM and O) and two reactants
(UM and UM0) in the BAX-induced MOMP process. The product
selectivity seen in the reactions can therefore be reasonably ex-
plained by the proposed conformational selection mechanism.
BAX Activation Can Be Understood by a
Population-Shift Model
The present study was not able to quantitatively determine the
relative population between the UM and the UM0 states above
room temperatures. Because of the large line-width broadening
(due to unresolved protons and local heterogeneity of spins) inStructure 23, 13the cw-ESR spectra, an unambiguous discrimination between
the spectral components of the UM and UM0 states was not
possible with standard cw-ESR technique. However, the results
appear promising to draw the following conclusion. Our results
(Figures 4 and S3) suggest that BAX 126/164 populates mostly
the UM0 state and little the UM state, hence limiting the activation
pathway from the UM to the BM. It is noteworthy that this popu-
lation gain in the UM0 (as compared with the study ofWTBAX) for
126/164 was observed (Figure 4) to be effective to facilitate the
release of cytochrome c from mitochondria. This observation in-
dicates that UM0 BAX is more potent than UMBAX for promoting
its interaction with mitochondria outer membrane. Hence, UM0 is
unlikely an abundant state for native BAX. This observation that
BAX populates largely the UM state above room temperatures is
also supported by the fact that our UM conformation is consis-
tent with the reported NMR-derived structure determined above
room temperatures (Suzuki et al., 2000). Upon the addition of
BimBH3, it tends to interact with UM0 BAX more likely than
with UMBAX. On binding with BimBH3, the dominant population
of BAX shifts from UM to UM0, thereby making the BAX oligomer
the major product in response to BimBH3 in all of the studies.
The UM0 state is clearly demonstrated to exist as an on-pathway
intermediate between the UM and the O. Previous studies
(Bleicken et al., 2010; Czabotar et al., 2013) indicated that the
engagement of two BH3 domains is necessary for the formation
of BAX oligomers, in accordance with the finding of the present
study (Figure 2D) that BH3 domain of UM0 BAX is more readily
accessible to available substrates, facilitating the formation of
oligomers. The activation mechanism of BAX is, therefore, best
explained by the population-shift (wherein a conformational se-
lection mechanism also occurs) model of allostery (Figure 5)
(Boehr et al., 2009; James and Tawfik, 2003; Okazaki and Ta-
kada, 2008) (see also Figure S6 for the UM state carrying spin la-
bels at the six studied sites and the full-length sequence of BAX).
The function/properties of BAX were found to be determined by
the distribution of its conformational states. The identification of
this mechanism of BAX broadens the paradigm for Bcl-2 family
interactions and how the function of BAX can be modulated by
redistribution of conformational substates. An important implica-
tion is that this mechanism provides valuable insight into thera-
peutic strategies to mediate apoptosis.EXPERIMENTAL PROCEDURES
Materials and Sample Preparation
Unless specified otherwise, all chemicals used in this study were from Sigma-
Aldrich. Methanethiosulfonate spin label (MTSSL; 1-oxy-2,2,5,5-tetramethyl-
3-pyrroline-3-methyl) (Alexis Biochemicals) was used for spin labeling study.
The BimBH3 peptide variants (see Figure 1A for sequences) were custom syn-
thesized by Genomics BioSci & Tech with purity greater than 95%. Peptides
were further purified by reverse-phase high-performance liquid chromatog-
raphy. The spin-labeled BimBH3 is denoted by BimBH3-R1 (Figure 1A). Of
note, the BimBH3 used in this study is different in length from the previously
reported BimBH3 (Gavathiotis et al., 2010; Walensky et al., 2006) that has
weak binding affinity to BAX. Full-length BAX and variants were prepared as
we previously described (Kuo et al., 2013). The typical yield (>95% purity) of
0.15 mg/l culture could reproducibly be obtained for WT BAX. For mutant var-
iants, the typical yield (>95%purity) was 0.15 to 0.05mg/l. WT BAX carries two
endogenous cysteine residues at sites 62 and 126; it is denoted byWTBAX-R1
or 62/126-R1 if the two cysteine sites are conjugated with the MTSSL probe to
form two R1 side chains. Proteins/peptides were labeled with a 10-fold excess9–148, January 6, 2015 ª2015 Elsevier Ltd All rights reserved 145
Population shifted
Ligand-
unbound
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UM UM OBM
Figure 5. A Schematic View of the Dynamic Energy Landscapes
Inactive BAX exists in two distinct conformations, UM and UM0. Upon ligand-
induced activation, BAX converts into two ligand-bound forms, monomer (BM)
and oligomer (O), and the dominant population shifts from the UM to the UM0,
leading to the product O being dominant in the end of the activation.
See also Figure S6.
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Conformational Selection Pathways of BAX Proteinof the MTSSL label per cysteine residue for overnight (>12 hr) in the dark at
4C. To remove free radicals, the spin-labeled BAX or peptide solution was
dialyzed against four changes of buffer A (20 mM sodium phosphate [pH
8.0], 100 mM NaCl) over 1–3 hr and final change of buffer over 24 hr. The vol-
ume of the buffer is about 1,000 times of the protein solution. Matrix-assisted
laser desorption/ionization-time flight experiments were conducted to confirm
the identity of the peptides/proteins carrying the spin labels.
Selection of Spin-Labeling Sites on BAX
For spin-labeling study, recombinant BAX variants (72/126, 62/164, 126/164, 4/
62, 126/191, and 62/191) were prepared using a QuikChange mutagenesis kit
(Stratagene) to bear only two cysteine residues at the indicated sites; equiva-
lently, they are respectively S72C/C62A, C126A/Y164C, C62A/Y164C, S4C/
C126A, C62A/M191C, and C126A/M191C. There is no disulfide bond between
the two endogenous cysteine sites. The selection criteria of the mutation sites
were to minimize the number of point mutations to WT BAX while the corre-
sponding helices of the mutation sites cover the vast majority of the BAX
conformation (Figures 2A and S6). Based on the combination of the six selected
sites (4, 62, 72, 126, 164, 191) for DEER study, more than two sets of triangu-
lation distances were measured to confirm the conformational multiplicity of
inactive BAX. The mutation sites on the terminal regions (e.g., 4R1) were
selected to probe the flexibility before and after the apoptotic activation.
Besides, the spin-labeled sites were carefully selected to avoid the possible
interference of the R1 side chains on the engagement of BimBH3 with BAX.
Therefore, residues along helices 4, 6, and 7 (i.e., the three gray helices in Fig-
ure 2A), which are directly facing or in close vicinity to the binding interface (see
also Figure S1A) betweenBAX andBimBH3,were notmutated for spin labeling.
Activation of BAX by BimBH3
BAXmonomer was activated by incubating it with a 4-fold molar concentration
of BimBH3 peptide at room temperature overnight (>12 hr). Two products (i.e.,146 Structure 23, 139–148, January 6, 2015 ª2015 Elsevier Ltd All rigO and BM) were found after the activation reaction. Both of the two products
were ligand-bound forms (compare Figure 1). The end products of O and BM
were separated with SEC using a HiLoad 16/60 Superdex 75 column (GE
Healthcare). The chromatogram demonstrated monomeric peaks at 70 ml
and oligomeric peaks at 50 ml. The end products were very stable over
time (days), and the ratio of O/BM eluted from SEC was independent of BAX
concentration (within a range of [BAX], 0.002–0.5 mM). After the DEER mea-
surements, SEC was performed again to confirm that the sample would only
be detected in the monomeric fractions if it is a sample of BAX monomers.
Mitochondria Isolation and Cytochrome c Release Assays
Mouse liver tissue (0.2 mg) was ground using a douce homogenizer with
1015 strokes, and the mitochondria were separated using centrifugation ac-
cording to Mitochondria Isolation Kit (Thermo Scientific). The mitochondria
were then washed with Mitochondria Assay Buffer (MAB) (200 mM mannitol,
68 mM sucrose, 10 mM HEPES, 3 M KCl, 1 mM EDTA, 0.1% bovine serum al-
bumin, protease inhibitor) and centrifuged at 12,000 3 g, and the supernatant
was removed. The final pellet was resuspended using enough MAB to yield
final mitochondria concentration of 3 mg/ml. The final mitochondria fraction
was placed on ice for further downstream processing. For the cytochrome c
release assay, 49 ml of the mitochondria fraction were added to1 ml of 5 mM
BAX and incubated at 37C for the desired time. The sample was then centri-
fuged at 12,0003 g for 3 min separating the supernatant and pellets fractions.
The supernatant was subjected to subsequent immunoblotting with mouse
anticytochrome c antibodies. Quantification of immunoblots was done using
ImageJ (v.1.47, NIH).
Pulsed/Cw-ESR Experiments, MtsslWizard, and Data Analysis
Approximately, 40 ml solution volume, containing 30% (v/v) d8-glycerol as
cryoprotectant, was added into quartz ESR tube. All buffer in the DEER exper-
iments was deuterated. The concentration of BAX in the ESR measurements
was approximately 0.2–0.5 mM. A Bruker ELEXSYS E580-400 cw/pulsed
spectrometer, with a dielectric resonator (ER4118X-MD5W) and a helium
gas flow system (4118CF and 4112HV), was used. Cw-ESR experiment was
performed at an operating frequency of 9.4 GHz and 1.5 mW incident micro-
wave power. The swept magnetic range was 200 Gauss. ESR probehead
was precooled to a desired temperature prior to the transfer of the ESR sample
tube into the cavity. Equilibrium time was 20 min for each temperature
variation. For the time-resolved ESR experiments, samples containing WT
BAX-R1:BimBH3 1:1 (or BAX:BimBH3-R1 1:1) were prepared. Spectra were
recorded at a time interval of less than 50 s with a magnetic width of 100 G,
1,024 points, and two scans.
DEER experiments were carried out using the typical four-pulse constant-
time DEER sequence as previously described (Huang et al., 2011; Pannier
et al., 2000). The detection pulses were set to 32 and 16 ns for p and p/2
pulses, respectively, and pump frequency was set to approximately 70 MHz
lower than the detection pulse frequency. The pulse amplitudes were chosen
to optimize the refocused echo. The p/2 pulse was employed with +x/x
phase cycle to eliminate receiver offsets. The durations of pumping pulse
was about 32 ns, and its frequency was coupled into the microwave bridge
by a commercially available setup (E580-400U) from Bruker. All pulses were
amplified via a pulsed traveling wave tube amplifier (E580-1030). The field
was adjusted such that the pump pulse is applied to the maximum of the nitro-
xide spectrum, where it selects the central mI = 0 transition of Azz together with
the mI = ±1 transitions. A common cooling approach was used. The sample
tube was plunge cooled in liquid nitrogen and then transferred into the ESR
probehead, which was precooled to 50 K using the helium flow system. The
procedure was generally employed to kinetically trap the structural properties
of a protein in a room-temperature state, although the population of the con-
formations could inevitably be disturbed somewhat by temperature change
(Georgieva et al., 2012). The structural effect of the low temperature is gener-
ally believed to sharpen the atomic displacement distributions without signifi-
cantly displacing the mean atomic positions, but the relative population
between the coexisting conformers may be disturbed. Therefore, we think
that the observed relative populations of UM/UM0 for the DEER results are
unlikely the same as that in a room-temperature state and should only be
considered to be an important indication for structural heterogeneity. The
accumulation time for each set of data was 12–24 hr at 50 K.hts reserved
Structure
Conformational Selection Pathways of BAX ProteinThe determination of interspin distance distribution of the DEER data was
performed in the time-domain analysis by Tikhonov regularization based on
the L-curve method (Chiang et al., 2005a, 2005b). The resulting distances
were checked against modeled distances for spin label rotamers attached
to the protein structure (PDB: 1F16). Themodeled distances were obtained us-
ing the program MtsslWizard (Hagelueken et al., 2012), which operates as a
plugin of the PyMol. MtsslWizard searches for ensembles of possible MTSSL
rotamers that do not clash with a static model of the protein. This program has
been evaluated in a number of challenging studies and demonstrated that it is
useful to predict experimental data rather well. The benefits of the program are
its accuracy and simplicity. There are 20 NMR models in 1F16. All structural
models of this study started from model 3 because it was determined to be
the most representative model using the Olderado program (see footnotes in
Table 1). Some assumptions were made to determine the newly discovered
BM and UM0 conformations. Briefly, we assumed that (1) the helical segments
were rigid, (2) the linker regions were flexible, and (3) the structures should be
as similar as possible to the NMR derived structure UM. As narrated in text
(Figure 2B), all of the peaks in the P(r) results were satisfactorily assigned to
either UM or UM0 conformations using the three criteria. For the reconstruction
of the BM conformation, peaks of relatively lower population were excluded
because they resulted in structures that did not appear to be possible. In every
activation experiment, BM was less than 20% of purified inactive BAX. It is
necessary to increase the yield of the BAX expression and purification before
proceeding with getting more distance constraints for the detailed structural
determination of BM.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and can be found with this
article online at http://dx.doi.org/10.1016/j.str.2014.10.016.
AUTHOR CONTRIBUTIONS
Y.W.C. designed research. C.J.T., S.L., C.L.H, S.R.J., and T.C.S. performed
research. Y.W.C. and S.L. analyzed data. Y.W.C. contributed analytical tools
and wrote the paper. All authors discussed the results.
ACKNOWLEDGMENTS
This work was supported by Ministry of Science and Technology of Taiwan
(102-2628-M-007-003-MY3 and 103-2627-M-007-005). All of the CW/pulse
ESR measurements were conducted in the Research Instrument Center of
Taiwan located at NTHU.
Received: August 13, 2014
Revised: October 23, 2014
Accepted: October 29, 2014
Published: December 11, 2014
REFERENCES
Airola, M.V., Sukomon, N., Samanta, D., Borbat, P.P., Freed, J.H., Watts, K.J.,
and Crane, B.R. (2013). HAMP domain conformers that propagate opposite
signals in bacterial chemoreceptors. PLoS Biol. 11, e1001479.
Antonsson, B., Montessuit, S., Sanchez, B., and Martinou, J.C. (2001). Bax is
present as a high molecular weight oligomer/complex in the mitochondrial
membrane of apoptotic cells. J. Biol. Chem. 276, 11615–11623.
Arokium, H., Ouerfelli, H., Velours, G., Camougrand, N., Vallette, F.M., and
Manon, S. (2007). Substitutions of potentially phosphorylatable serine resi-
dues of Bax reveal how they may regulate its interaction with mitochondria.
J. Biol. Chem. 282, 35104–35112.
Bleicken, S., Classen, M., Padmavathi, P.V.L., Ishikawa, T., Zeth, K., Steinhoff,
H.J., and Bordignon, E. (2010). Molecular details of Bax activation, oligomer-
ization, and membrane insertion. J. Biol. Chem. 285, 6636–6647.
Boehr, D.D., Nussinov, R., andWright, P.E. (2009). The role of dynamic confor-
mational ensembles in biomolecular recognition. Nat. Chem. Biol. 5, 789–796.Structure 23, 13Borbat, P.P., and Freed, J.H. (2007). Measuring distances by pulsed dipolar
ESR spectroscopy: spin-labeled histidine kinases. Methods Enzymol. 423,
52–116.
Bouvignies, G., Vallurupalli, P., Hansen, D.F., Correia, B.E., Lange, O., Bah, A.,
Vernon, R.M., Dahlquist, F.W., Baker, D., and Kay, L.E. (2011). Solution struc-
ture of a minor and transiently formed state of a T4 lysozyme mutant. Nature
477, 111–114.
Chiang, Y.W., Borbat, P.P., and Freed, J.H. (2005a). The determination of pair
distance distributions by pulsed ESR using Tikhonov regularization. J. Magn.
Reson. 172, 279–295.
Chiang, Y.W., Borbat, P.P., and Freed, J.H. (2005b). Maximum entropy: a
complement to Tikhonov regularization for determination of pair distance dis-
tributions by pulsed ESR. J. Magn. Reson. 177, 184–196.
Czabotar, P.E., Colman, P.M., and Huang, D.C.S. (2009). Bax activation by
Bim? Cell Death Differ. 16, 1187–1191.
Czabotar, P.E., Lee, E.F., Thompson, G.V., Wardak, A.Z., Fairlie, W.D., and
Colman, P.M. (2011). Mutation to Bax beyond the BH3 domain disrupts inter-
actions with pro-survival proteins and promotes apoptosis. J. Biol. Chem. 286,
7123–7131.
Czabotar, P.E., Westphal, D., Dewson, G., Ma, S., Hockings, C., Fairlie, W.D.,
Lee, E.F., Yao, S., Robin, A.Y., Smith, B.J., et al. (2013). Bax crystal structures
reveal how BH3 domains activate Bax and nucleate its oligomerization to
induce apoptosis. Cell 152, 519–531.
Di Nardo, A.A., Korzhnev, D.M., Stogios, P.J., Zarrine-Afsar, A., Kay, L.E., and
Davidson, A.R. (2004). Dramatic acceleration of protein folding by stabilization
of a nonnative backbone conformation. Proc. Natl. Acad. Sci. USA 101, 7954–
7959.
Er, E., Lalier, L., Cartron, P.F., Oliver, L., and Vallette, F.M. (2007). Control of
Bax homodimerization by its carboxyl terminus. J. Biol. Chem. 282, 24938–
24947.
Gavathiotis, E., Suzuki, M., Davis, M.L., Pitter, K., Bird, G.H., Katz, S.G., Tu,
H.C., Kim, H., Cheng, E.H.Y., Tjandra, N., andWalensky, L.D. (2008). BAX acti-
vation is initiated at a novel interaction site. Nature 455, 1076–1081.
Gavathiotis, E., Reyna, D.E., Davis, M.L., Bird, G.H., and Walensky, L.D.
(2010). BH3-triggered structural reorganization drives the activation of proap-
optotic BAX. Mol. Cell 40, 481–492.
Georgieva, E.R., Roy, A.S., Grigoryants, V.M., Borbat, P.P., Earle, K.A.,
Scholes, C.P., and Freed, J.H. (2012). Effect of freezing conditions on dis-
tances and their distributions derived from Double Electron Resonance
(DEER): a study of doubly-spin-labeled T4 lysozyme. J. Magn. Reson. 216,
69–77.
Georgieva, E.R., Borbat, P.P., Ginter, C., Freed, J.H., and Boudker, O. (2013).
Conformational ensemble of the sodium-coupled aspartate transporter. Nat.
Struct. Mol. Biol. 20, 215–221.
Hagelueken, G., Ward, R., Naismith, J.H., and Schiemann, O. (2012).
MtsslWizard: In Silico Spin-Labeling and Generation of Distance
Distributions in PyMOL. Appl. Magn. Reson. 42, 377–391.
Huang, Y.W., Lai, Y.C., Tsai, C.J., and Chiang, Y.W. (2011). Mesopores pro-
vide an amorphous state suitable for studying biomolecular structures at cryo-
genic temperatures. Proc. Natl. Acad. Sci. USA 108, 14145–14150.
James, L.C., and Tawfik, D.S. (2003). Conformational diversity and protein
evolution—a 60-year-old hypothesis revisited. Trends Biochem. Sci. 28,
361–368.
Jeschke, G. (2012). DEER distance measurements on proteins. Annu. Rev.
Phys. Chem. 63, 419–446.
Kelley, L.A., Gardner, S.P., and Sutcliffe, M.J. (1997). An automated approach
for defining core atoms and domains in an ensemble of NMR-derived protein
structures. Protein Eng. 10, 737–741.
Kuo, Y.H., Tseng, Y.R., and Chiang, Y.W. (2013). Concurrent observation of
bulk and protein hydration water by spin-label ESR under nanoconfinement.
Langmuir 29, 13865–13872.
Nechushtan, A., Smith, C.L., Hsu, Y.T., and Youle, R.J. (1999). Conformation of
the Bax C-terminus regulates subcellular location and cell death. EMBO J. 18,
2330–2341.9–148, January 6, 2015 ª2015 Elsevier Ltd All rights reserved 147
Structure
Conformational Selection Pathways of BAX ProteinOkamoto, T., Zobel, K., Fedorova, A., Quan, C., Yang, H., Fairbrother, W.J.,
Huang, D.C.S., Smith, B.J., Deshayes, K., and Czabotar, P.E. (2013).
Stabilizing the pro-apoptotic BimBH3 helix (BimSAHB) does not necessarily
enhance affinity or biological activity. ACS Chem. Biol. 8, 297–302.
Okazaki, K., and Takada, S. (2008). Dynamic energy landscape view of
coupled binding and protein conformational change: induced-fit versus popu-
lation-shift mechanisms. Proc. Natl. Acad. Sci. USA 105, 11182–11187.
Pannier, M., Veit, S., Godt, A., Jeschke, G., and Spiess, H.W. (2000). Dead-
time free measurement of dipole-dipole interactions between electron spins.
J. Magn. Reson. 142, 331–340.
Petros, A.M., Olejniczak, E.T., and Fesik, S.W. (2004). Structural biology of the
Bcl-2 family of proteins. Biochim. Biophys. Acta 1644, 83–94.
Rodrigues, C.M.P., Sola´, S., Sharpe, J.C., Moura, J.J.G., and Steer, C.J.
(2003). Tauroursodeoxycholic acid prevents Bax-induced membrane pertur-
bation and cytochrome C release in isolated mitochondria. Biochemistry 42,
3070–3080.
Suzuki, M., Youle, R.J., and Tjandra, N. (2000). Structure of Bax: coregulation
of dimer formation and intracellular localization. Cell 103, 645–654.148 Structure 23, 139–148, January 6, 2015 ª2015 Elsevier Ltd All rigTokuriki, N., and Tawfik, D.S. (2009). Protein dynamism and evolvability.
Science 324, 203–207.
Valentijn, A.J., Upton, J.P., Bates, N., and Gilmore, A.P. (2008). Bax targeting
to mitochondria occurs via both tail anchor-dependent and -independent
mechanisms. Cell Death Differ. 15, 1243–1254.
Walden, W.E., Selezneva, A.I., Dupuy, J., Volbeda, A., Fontecilla-Camps, J.C.,
Theil, E.C., and Volz, K. (2006). Structure of dual function iron regulatory pro-
tein 1 complexed with ferritin IRE-RNA. Science 314, 1903–1908.
Walensky, L.D., and Gavathiotis, E. (2011). BAX unleashed: the biochemical
transformation of an inactive cytosolic monomer into a toxic mitochondrial
pore. Trends Biochem. Sci. 36, 642–652.
Walensky, L.D., Pitter, K., Morash, J., Oh, K.J., Barbuto, S., Fisher, J., Smith,
E., Verdine, G.L., and Korsmeyer, S.J. (2006). A stapled BID BH3 helix directly
binds and activates BAX. Mol. Cell 24, 199–210.
Youle, R.J., and Strasser, A. (2008). The BCL-2 protein family: opposing activ-
ities that mediate cell death. Nat. Rev. Mol. Cell Biol. 9, 47–59.hts reserved
